DNA replication is facilitated by multiple factors that concentrate in the vicinity of replication forks. Here, we developed an approach that combines the isolation of proteins on nascent DNA chains with mass spectrometry (iPOND-MS), allowing a comprehensive proteomic characterization of the human replisome and replisome-associated factors. In addition to known replisome components, we provide a broad list of proteins that reside in the vicinity of the replisome, some of which were not previously associated with replication. For instance, our data support a link between DNA replication and the Williams-Beuren syndrome and identify ZNF24 as a replication factor. In addition, we reveal that SUMOylation is widespread for factors that concentrate near replisomes, which contrasts with lower UQylation levels at these sites. This resource provides a panoramic view of the proteins that concentrate in the surroundings of the replisome, which should facilitate future investigations on DNA replication and genome maintenance.
INTRODUCTION
Faithful duplication of the genome is essential in limiting mutations and preserving genome integrity. In addition to base changes, difficulties in the progression of the replication fork lead to the accumulation of recombinogenic stretches of single-stranded DNA (ssDNA), which leads to deletions, duplications, or complex genome rearrangements. This pathological accumulation of ssDNA at replication forks is known as replicative stress (RS) and has been associated to cancer and aging (Cimprich and Cortez, 2008; Ló pez-Contreras and FernandezCapetillo, 2010) . Besides DNA polymerases, DNA replication demands the activity of numerous proteins (reviewed in Hü bscher, 2009). For instance, the processing of Okazaki fragments alone requires at least 23 polypeptides (Maga et al., 2001) . In addition to those factors directly involved in DNA replication, proteins involved in DNA repair, cell-cycle checkpoints, or chromatin remodeling are also enriched in the proximity of the replisomes. This is best exemplified by the concept of ''replication factories'' (Cook, 1999) , where several replisomes and accessory factors are concentrated in a small nuclear volume, thereby facilitating an appropriate supply of all the activities needed to ensue genome duplication.
Replication factories are easily detected as discrete nuclear foci of the proliferating cell nuclear antigen (PCNA), and their size and location accurately indicate replication timing, numerous small euchromatic foci in early S phase, perinuclear and perinucleolar foci in mid S phase, and a reduced number of large heterochromatic foci in late S phase (Leonhardt et al., 2000) . This property has been previously used to illustrate the presence of nonreplisome proteins at replication factories such as the DNA repair protein MRE11 (Mirzoeva and Petrini, 2003) or the DNA methyltransferase DNMT1 (Estè ve et al., 2006) . However, immunofluorescence faces important limitations such as the need for suitable and specific antibodies, its limited throughput, and, most importantly, the levels of a protein that are needed for its detection. For instance, key components of the replisome, such as the MCM helicase, cannot be detected at replication factories by immunofluorescence (reviewed by Laskey and Madine, 2003) . This has recently been shown to be due to the low protein abundance and partial chromatin decondensation coupled to DNA synthesis (Aparicio et al., 2012) . In order to overcome these limitations, several approaches have been attempted. Successful studies in yeast have used immunoprecipitation of tagged replisome components followed by mass spectrometry (MS) (Gambus et al., 2006; 2009) . This approach, however, only detects proteins that are directly or indirectly associated to replication factors, and, therefore, misses additional factors that might be concentrated in the vicinity of replication forks.
Immunoprecipitation of newly replicated DNA offers an attractive alternative to the methodologies mentioned above. For instance, immunoprecipitation of 5 0 -Bromo-2 0 -deoxyuridine was used to evaluate the dynamics of RAD51 at stalled or broken replication forks (Petermann et al., 2010) . However, the detection of halogenated nucleoside derivatives involves the use of aggressive experimental conditions which are needed to denature DNA and significantly damage proteins. A major technical improvement came from the incorporation of Click chemistry to nucleoside derivatives (Kolb et al., 2001 ). During DNA replication, 5 0 -ethynyl-2 0 -deoxyuridine (EdU) can be taken up by live cells and incorporated into DNA. Subsequently, Click chemistry can covalently conjugate molecules to EdU under mild conditions that do not demand DNA denaturation. For example, the conjugation of fluorochromes to EdU has facilitated the microscopy-or cytometry-mediated analysis of DNA replication (Cappella et al., 2008; Salic and Mitchison, 2008) .
In 2011, two independent groups used EdU conjugated to biotin through Click chemistry to immunoprecipitate nascent DNA molecules and their associated proteins. These two protocols, named isolation of proteins on nascent DNA (iPOND) and DNA-mediated chromatin pull-down (Dm-ChP), respectively (Kliszczak et al., 2011; Sirbu et al., 2011) , use highly specific streptavidin-biotin binding to pull down nascent DNA molecules from cells exposed to short pulses of EdU. Previous crosslinking with formaldehyde allows both procedures to pull down factors that are associated with recently replicated DNA. In the case of Dm-ChP, a proteomic analysis was made on the proteins that are pulled down through EdU-chromatin pull-down (Kliszczak et al., 2011) . However, the experiment compared proteins that were pulled down with streptavidin from cells treated with EdU with those pulled down from cells that were not exposed to EdU. Therefore, this work mostly found proteins that were bound to DNA or chromatin but not necessarily enriched at replication forks. An interesting technical variation to this part was implemented on the iPOND pipeline (Sirbu et al., 2011; , in which the EdU pulse was followed via a thymidine chase. This second period is important, given that it displaces the EdU-positive DNA away from the replication fork. In this case, it is possible to discriminate proteins that are enriched on nascent DNA molecules from those that are generally found associated to DNA. However, no proteomic characterization with iPOND has been reported so far. Here, we used iPOND followed by MS (iPOND-MS) to identify proteins that are enriched on the vicinity of the replisome. By incorporating the thymidine chase to the pipeline, increasing the number of cells to facilitate the detection of lowabundance proteins, fine-tuning of the chromatin isolation protocol, and analyzing a high number of biological replicates, we have been able to obtain a robust data set of proteins enriched at nascent DNA molecules. We are confident that this resource constitutes the most comprehensive characterization of the human replisome and replisome-associated factors available to date.
RESULTS

Defining the Conditions for iPOND-Based Proteomics
To purify proteins that are enriched on nascent DNA, we used a slightly modified version of the iPOND protocol (Sirbu et al., 2012 ) (see Experimental Procedures). Total cell numbers per condition were increased in order to facilitate the detection of less abundant proteins. In addition, we reasoned that using smaller chromatin fragments could facilitate the purification of proteins that are closer to the replisome. Therefore, we introduced variations on the sonication protocol that allow the purification of DNA fragments of around 80 bp. This is the minimum fragment size at which the iPOND protocol could efficiently pull down chromatin.
The efficiency of iPOND was first determined by testing the enrichment of the DNA clamp PCNA in the EdU fraction (Figure 1A) . A 10 min EdU pulse followed by iPOND led to the detection of PCNA on precipitated chromatin. A subsequent chase period in thymidine displaced the EdU-labeled DNA away from the replication fork. Then, we defined the chase time that was needed so that PCNA was not found on the precipitated chromatin. After a 40 min chase, no PCNA could be detected on the precipitated fraction. To ensure that the replication fork was effectively separated from the EdU-labeled DNA but also to limit the potential effects of a prolonged exposure to thymidine, we decided to use a chase time of 60 min for the subsequent experiments.
Then, we performed iPOND using 3 3 10 8 HEK293T cells per sample and compared (a) 10 min EdU (EdU) and (b) 10 min EdU followed by 60 min thymidine (Thy) samples by MS. Enriched proteins were determined by label-free quantification (LFQ) intensities, as calculated by MaxQuant software (Luber et al., 2010) . As a quality control, we verified that PCNA was enriched in the EdU sample before analyzing the experiment by MS. After processing the sample by MS, we also looked at the levels of the core histones as an additional control to ensure that chromatin was being precipitated in both fractions. In a typical experiment, levels of the core histones were slightly enriched on the Thy fraction, which could be due to the presence of ssDNA or chromatin-devoid double-stranded DNA on the EdU fraction that is closer to the replisome ( Figure 1B ). Histone H1 was almost exclusively detected on the Thy fraction, consistent with the delayed loading of linker histones to chromatin during replication (Worcel et al., 1978; Sirbu et al., 2011) . Interestingly, the histone H2A variants macroH2A.2 and H2AZ were also highly enriched on the Thy fraction, which could reflect that the loading of these histone variants might occur independently of nucleosome reassembly during replication and be more related to the de novo establishment of facultative heterochromatin or transcriptionally inactive promoters (Costanzi and Pehrson, 1998; Mizuguchi et al., 2004; Zhang et al., 2005) . Interestingly, a recent report found that a fraction of H2AZ-containing nucleosomes that are present in G1 are depleted from chromatin during S phase, which would be consistent with our observations (Nekrasov et al., 2012) . For the iPOND-MS data used in this manuscript, we restricted our analyses to those experiments where PCNA showed a clear enrichment on the EdU sample and core histones were partially enriched on Thy samples.
A Proteomic View of Nascent DNA Molecules By following the protocol and quality controls described above, we ended up with six biological replicates of iPOND-MS. Notably, a comparison of protein abundances by proteomics in any of these experiments consistently identified most of the known replisome components among the highest enriched in the EdU fraction. These included components of the DNA polymerases, primase, helicase, replication protein A (RPA), PCNA, and all five subunits of the clamp loader complex replication factor C (RFC). A representative example from an iPOND-MS is shown in Figure 2A . In addition to bona fide replisome components, all these analyses revealed the enrichment on the EdU sample of additional proteins that have directly or indirectly been related to replication, and some of which are not known to be clearly linked to replication. One of the proteins that consistently showed a very high enrichment on precipitated nascent DNA was the mismatch repair (MMR) protein MSH2. Previous work had already shown a direct interaction between PCNA and the MMR proteins MSH6 and MSH3 (Clark et al., 2000) , which could target these two proteins to replication factories (Jiricny, 2006) . A validation by western blot (WB) from two independent experiments is shown in Figure 2B . Altogether, the data above demonstrate that the experimental approach we used was able to identify proteins that are either directly linked to the replisome or which are abundant in the vicinity of the replisome, such as at replication factories.
To minimize the experimental noise that could derive from the iPOND-MS pipeline, we combined the data coming from all six experiments that passed the quality controls and selected those proteins that showed enrichments greater than 8-fold in at least all experiments but one in which they were detected by MS. After applying these high-stringency filters, we ended up with a list of 48 proteins that are illustrated in Table 1 (the entire data set for the six experiments is available in Table S1 ). The (B) Levels of PCNA, RFC4, POLD2, MSH2, and H4 from two independent experiments that were further analyzed by MS are shown. The left lanes illustrate the levels on the input samples, and the right lanes illustrate the iPOND extracts from cells exposed to a 10 min pulse of EdU, followed (or not) by a 60 min chase in Thymidine. and predicted protein-protein interactions (http://string-db.org) showed a highly cohesive network and revealed abundant functional interactions within the members of most of the groups that we used in our categories (Figure 3) . A brief description of the known roles of these proteins and their links to replication is provided in the Discussion. It is worth stressing that the list of 48 proteins that passed our stringency filters is not the full list of proteins detected by MS (which is available in Table S1 ). In fact, other replisome or replisome-associated proteins were also enriched on nascent DNA molecules (i.e., TOP2A, TOP2B, RNASEH2A, PRIM1, SMARCAD1, POLA2, etc.), although they were frequently below the level of detection of the MS and, therefore, did not make the final cutoff. Further inspection of the full list reveals additional interesting aspects, such as an accumulation of SUMO peptides on the EdU fraction. In agreement with this, we consistently detected a ladder of SUMO1-and SUMO2/3-modifed proteins that were enriched on nascent DNA molecules when iPOND purifications were analyzed by WB ( Figure S1 ). These results indicate that the replisome vicinity is particularly rich on SUMOylated proteins, further illustrating the role of this modification during DNA replication.
Table1. List of Proteins Enriched on Nascent DNA Molecules by iPOND-MS
To finalize the analysis, we also generated a table for proteins that were less concentrated on the surroundings of the replisome (EdU) than on overall chromatin (Thy) ( Table 2) . As mentioned before, an enrichment of histones was evident on Thy fractions, which was also seen for other DNA-binding proteins involved in high-order chromatin structure, such as high-mobility group proteins (HMGA1, HMGA2, and HMGB2). The list also reveals an enrichment of Lamin B1 and BANF1 on mature chromatin, both of which are related to the structure of the nuclear envelope and the Hutchinson-Gilford progeria syndrome (Puente et al., 2011) . Finally, iPOND-MS detected a significant and consistent enrichment of ubiquitin (UQ) peptides on all (six out of six, a 4-fold enrichment on average) Thy samples, which was also noticeable by WB ( Figure S1 ). This enrichment of UQ conjugates on mature chromatin samples is in sharp contrast to the enrichment of SUMO on nascent DNA molecules. In some cases, UQylation and SUMOylation are known to occur at the same residue (reviewed in Bergink and Jentsch, 2009) . This is best known in the case of PCNA, where SUMO and UQ modifications regulate the loading of alternative polymerases to the replication fork (Hoege et al., 2002 ). Yet, new examples are also emerging where SUMOylation on one residue could promote the nuclear function of a protein, which would then be counteracted by UQylation on the same residues (Anderson et al., 2012) . On the basis of the generalized SUMOylation and concomitant depletion of UQylated proteins we detected on nascent DNA molecules, we propose that this switch from SUMO to UQ could be a general strategy that favors the stability and/or function of proteins residing in the surroundings of the replisome.
Validation of Newly Identified Factors Enriched on Nascent DNA Molecules
To validate the strength of our data set, we tested the enrichment of some of these factors by WB in two new iPOND experiments that were used for validation. In this manner, we were able to confirm an enrichment of UHRF1, ZNF24, and GTF2I on nascent DNA molecules as well as the presence of another known replication factor (RFC3) ( Figure S2A ). We should note that these proteins were not the only ones tested but, rather, those for which antibodies worked. In all cases tested, WB findings were equivalent to those observed by MS. Moreover, in the case of ZNF24 and with the use of an EGFP fusion protein, we were also able to see its localization to replication factories on the basis of its colocalization with PCNA ( Figure S2B ).
To provide a more comprehensive validation of the potential role of the identified factors in DNA replication, we selected 19 genes from the list of those that showed enrichment at nascent The cutoff was set in those proteins that were enriched more than 8-fold on the EdU sample (versus Thy) in at least all the experiments in which they were detected except for one. The table also includes four proteins (MCM3, MCM6, MCM7, and SNF2H) which were also enriched in the EdU samples but are below the threshold and were included for comparison with the other members of the functional group (gray background). Numbers indicate the number of experiments in which the protein was enriched above the established cut-off. Bracketed numbers indicate the number of experiments in which the protein was detected by MS.
DNA molecules for additional analyses. The selection concentrated on newly identified factors (see Discussion) but also included known replication factors (PCNA, POLD2, and PRIM2) as controls. For each gene, two siRNAs were used to evaluate the impact of depleting the protein on DNA replication (as compared to the effect of two independent control sequences), which was evaluated by analyzing EdU incorporation through high-throughput microscopy ( Figure 4) . Depletion of 16 out of the 19 factors (including PCNA, POLD2, and PRIM2) led to a significant reduction in EdU incorporation rates with at least one of the siRNAs. Notably, an increase in EdU incorporation rates was also observed for some of the factors, most obviously for MSH6. Nevertheless, this most likely reflects the activity of MMR on the elimination of dU residues from DNA during S phase (Rada et al., 2004) and not a real increase in DNA replication rates. Finally, given that EdU incorporation rates could also reflect changes in cell-cycle distribution, we selected two of the newly identified factors (WIZ and ZNF24) and measured the impact of their depletion on replication fork speed through combing analyses of individual DNA molecules ( Figure S3 ). The selection of these two factors was based on previous knowledge, which suggested that these two proteins might be involved in DNA replication (see Discussion). In fact, the depletion of either WIZ or ZNF24 led to a significant downregulation of fork speed. Altogether, the validation experiments further reinforced the strength of the data set supplied in this resource and provided evidence for the role of additional factors involved in DNA replication, most definitively in the case of ZNF24.
DISCUSSION
Identification of Known Replication-Associated Factors by iPOND-MS
The iPOND-MS pipeline used in this study allowed us to provide the most comprehensive proteomic analysis of the human The image illustrates a network analysis of proteins enriched on nascent DNA molecules (Table1) that was created with STRING. Note that several of the nodes coincide with the functional categories defined in Table 1 . The different colors of the connecting lines represent the types of evidence supporting each association: neighborhood (green), gene fusion (red), co-occurrence (blue), coexpression (brown), experiments (pink), databases (cyan), text-mining (yellow), and homology (violet). More details can be found in Results and at http://string.embl.de/.
replisome and replisome-associated factors reported to date, and we identified the majority of known activities that are needed for DNA replication. PCNA was the protein that showed the highest enrichment on EdU/Thy ratios, followed by MMR proteins MSH2, MSH3, and MSH6 and all members of the clamp loader complex RFC (RFC1-RFC5). Both members of the chromatin assembly factor 1 (CAF1) (CHAF1A and CHAF1B), which deposits nucleosomes on newly replicated chromatin (Alabert and Groth, 2012), followed after that. A recent report also identified a direct interaction between MMR proteins and CAF1 (Schö pf et al., 2012), which could further facilitate the enrichment of CAF1 at nascent DNA molecules.
Substantial enrichment of the ssDNA-binding complex RPA (RPA1 and RPA2) was also found on the EdU fraction, confirming that our purification pipeline was also pulling down regions of ssDNA on EdU samples. The list was followed by all the necessary DNA polymerases that are associated with unperturbed DNA replication (Hü bscher, 2009): the catalytic subunit and primase from the polymerase alpha complex (POLA1/PRIM2), which initiates DNA synthesis at replication origins and from Okazaki fragments; and polymerases delta (POLD1 and POLD3) and epsilon (POLE) that, at least in yeast, are in charge of replicating lagging and leading strands, respectively. The next protein on the list was CTF4, a cohesion-related factor in yeast that was identified two decades ago as an interactor of polymerase alpha (Miles and Formosa, 1992) and has again been found in more recent proteomic studies in yeast as an essential component that couples helicases with DNA polymerase alpha (Gambus et al., 2006; 2009) . Next, we included a group of activities involved in the maturation of Okazaki fragments such as DNA ligase (LIG1), exonuclease (EXO1), ribonuclease (RNASEH2B), and flap endonuclease (FEN1). Members of the MCM helicases and its associated complex go ichi ni san (GINS) were found next, followed by the two subunits of the FACT histone chaperone complex (SUPT16H and SSRP1). The FACT complex has also been previously observed in association with the replisome and MCM proteins and is thought to provide properly folded and assembled nucleosomes to newly synthesized chromatin (Gambus et al., 2006; Tan et al., 2006) .
Of the 32 proteins mentioned so far, which were ordered on the basis of their enrichment on our iPOND-MS samples, all 
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The cutoff was set in those proteins that were enriched more than 4-fold on the Thy sample (versus EdU) in at least four out of five experiments in which they were detected. Numbers indicate the number of experiments in which the protein was enriched above the established cut-off. Bracketed numbers indicate the number of experiments in which the protein was detected by MS.
have a remarkably well-established connection with replication. Notably, the absence of a known replication protein from this list does not indicate an absence of enrichment around replisomes but, rather, reflects that the protein was not detected by MS, or at least not enough times to pass our stringency filters and make it to the final list. Nevertheless, even in those cases in which known replication-associated proteins were only detected once, they invariably showed a significant enrichment at nascent DNA molecules (the full data set is available in Table S1 ). From here on, we comment on the remaining list of proteins that passed our filters for enrichment on nascent DNA molecules and that have already been linked to DNA replication.
Restoring DNA and Histone Methylation on Newly Replicated DNA The first group includes a set of proteins that are involved in DNA (DNMT1) or histone (G9A and the G9A-associated protein GLP) methylation, all of which have been found to interact at replication foci (Estè ve et al., 2006) . As part of this group, we included WIZ, which was shown in a complex with the G9A-GLP histone methyltransferase (Ueda et al., 2006) , and UHRF1, which is a multidomain protein that coordinates all the activities from this group. UHRF1 binds hemimethylated DNA, brings DNMT1 to replicated regions, and interacts with G9A-GLP (Bostick et Sharif et al., 2007; Kim et al., 2009) , providing a scaffold that can recognize chromatin methylation and allow its maintenance. As a group, this set of proteins would be in charge of restoring DNA and histone methylation marks on newly replicated chromatin. This group of proteins is, in fact, recognized as a node in STRING analyses (Figure 3 ). Our validation data support a role for UHRF1 and, most clearly for, WIZ in DNA replication. Moreover, WIZ overexpression promotes resistance to drugs inhibiting DNA replication (Levenson et al., 1999) . How WIZ promotes DNA replication, or if this activity is linked to the G9A complex, remains to be clarified.
The MRN Complex during S Phase
Besides MMR proteins, which correct mismatches introduced by DNA polymerases, the only DNA repair factors that showed a consistent and significant enrichment in nascent DNA molecules were MRE11 and RAD50, members of the MRN (MRE11-RAD50-NBS1) complex. The third member of the complex, NBS1, was detected only once in our iPOND-MS but also showed a clear enrichment on the EdU fraction. Although the complex is mostly known for its role in DNA repair, early studies already noted a preferential location of MRN proteins at replication factories (Maser et al., 2001; Mirzoeva and Petrini, 2003) and that the complex was necessary to prevent genomic breakage during replication (Costanzo et al., 2001) . In addition, several recent studies have revisited an active role for MRN, particularly for the nuclease activity of MRE11, on the nucleolitic degradation of stalled replication forks (reviewed in Costanzo, 2011) . The fact that MRN is the only DNA double-strand-break-repair-associated complex that we find in our list further underscores the key role of this complex during normal replication.
An Association with the Williams-Beuren Syndrome
The Williams-Beuren syndrome (WBS) is a human disease characterized by mental retardation and cardiac malfunction and is linked to the deletion of around 20 genes at chromosome 7q11.23 (OMIM 194050) . The first gene from this region that was identified as related with WBS was the Williams syndrome transcription factor (WSTF) (Peoples et al., 1998) , which is clearly enriched in our EdU samples. Recent studies have identified that WSTF forms a complex with the ISWI-type ATPase SNF2H, which is targeted to replisomes through an interaction with PCNA (Poot et al., 2004) . Besides WSTF, SNF2L and SNF2H were clearly enriched on our iPOND-MS, although SNF2H was just below our stringency filter (4-fold mean enrichment). Although no physical interaction with WSTF or SNF2 is known, our analysis also found the general transcription factor II-1 (GTF2I) among the enriched factors, its gene being located at the locus that is deleted on the WBS. In fact, GTF2I enrichment on nascent DNA molecules was verified by WB, ( Figure S2 ) and GTF2I depletion decreased EdU incorporation rates (Figure 4) . STRING analyses also place GTF2I, WSTF, SNF2H, and SNF2L within a functional node (see Figure 3) . Finally, it is worth mentioning that RFC2 is also one of the 20 genes that are deleted on the WBS locus. Given the small size of the locus and the number of proteins associated to WBS that are present in our list, we believe that these findings support a possible connection between WBS and DNA replication.
Additional Proteins Enriched at Nascent DNA Molecules Nine additional polypeptides with no obvious connection to replication were also identified as enriched in nascent DNA: PPM1E, ZNF24, ATAD5, RPLP1, TUBB4, RPL11, DNAJA1, ATXN10, and TCEA1. From this list, the only hint of a direct connection with replication is with ATAD5, also known as ELG1, which regulates the lifespan of DNA replication factories by limiting the levels of chromatin-bound PCNA through its deubiquitinylation (Lee et al., 2010; 2013) . Interestingly, a recent study using Dm-ChP also found an enrichment of ribosomal proteins (such as RPLP1 and RPL11) on pulled-down EdU fractions (Kliszczak et al., 2011) . Moreover, a connection between the DNA replication machinery and ribosomal biogenesis was first detected in proteomic studies in yeast (Du and Stillman, 2002) , and RPLP1 and RPL11 depletion led to the highest decrease in EdU incorporation in our validation analyses (Figure 4) . Still, because of the potential pleotropic effects of disturbing ribosome stability, the functional meaning of these interactions remains unknown.
ZNF24 as a Newly Identified DNA Replication Factor
Of all the factors identified in this study, most data support a role of ZNF24 in DNA replication. Moreover, a review of the existing literature would be consistent with ZNF24 playing an important role in DNA replication. First, its expression is most abundant on proliferating areas during embryonic development (Khalfallah et al., 2008) . Second, knockdown of ZNF24 limits the growth of neural stem cells (Khalfallah et al., 2009) or hepatocarcinoma cell lines (Liu et al., 2012) , and full deletion is early embryonic lethal in the mouse (Li et al., 2006) . Third, ZNF24 is SUMOylated (Gocke et al., 2005) and phosphorylated by ATM and ATR kinases (Matsuoka et al., 2007) , both modifications being abundant at replication forks. In this study, we confirmed a substantial enrichment of ZNF24 at nascent DNA molecules and showed that it colocalizes with PCNA at replication factories. In addition, ZNF24 depletion decreased overall EdU incorporation rates in cell culture and replication fork speed when measured on single DNA molecules. In summary, and in the context of the previously available literature, the data provided in this work strongly indicate that ZNF24 is a newly identified player in the control of DNA replication.
Conclusion
Here, we provide a proteomic characterization of the human replisome vicinity derived from iPOND purification of nascent DNA molecules. Our modifications on the protocol and the high stringency for the selection of enriched factors facilitated a restrictive identification of factors that are enriched in close proximity to the replication forks. Our table provides the most comprehensive repository of replisome and replisome-associated factors isolated from the same experiment published to date, identifying a large fraction of the known replication factors as well as several other proteins with distant or no previous association with DNA replication. As a proof of concept of the usefulness of this resource, we have provided data supporting a link between WBS and DNA replication, identified ZNF24 as a DNA replication factor, and uncovered an opposite accumulation of UQ and SUMO modified proteins in the replisome vicinity. Altogether, we believe that our results validate the iPOND-MS strategy as a solid proteomic approach for the identification of replicationassociated factors and their posttranslational modifications and provide a valuable resource that should be of help for investigators working on DNA replication, recombination, and repair.
EXPERIMENTAL PROCEDURES Cell Culture
All the experiments were performed in human HEK293T cells. HEK cells were grown in Dulbecco's minimum essential media (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (Sigma-Aldrich) and antibiotics.
iPOND We followed the iPOND protocol described in Sirbu et al., 2012 , with a few modifications. In brief, 1.5 3 10 8 293T cells (per condition) were plated in six 15 cm plates the day before the experiment. On the following day, 10 mM EdU (Invitrogen) was added to the medium for 10 min. For the chase condition, the EdU treatment was followed by three thorough washes in PBS and a subsequent incubation in medium to which 10 mM Thymidine (Sigma-Aldrich) was added for the indicated times. Afterward, cells were fixed with 1% formaldehyde for 15 min, which also generated DNA-protein and protein-protein crosslinks. Then, cells were scraped from the plate, permeabilized (0.25% Triton X-100 in PBS, 30 min at room temperature), and subjected to the Click-iT reaction with the use of Biotin Azide (Invitrogen). Cell lysis (1% SDS in 50 mM Tris [pH 8]) and sonication followed. We used a different sonication schedule and a higher dilution of cells in the lysis buffer than the one described in Sirbu et al., 2012 , which facilitated the purification of smaller chromatin fragments. For each condition, 35 3 10 8 cells were resuspended in 7 ml of lysis buffer and sonicated with a Bioruptor (Diagenode) for 20 min in 30 s on/off cycles at high intensity. Finally, EdU-biotin-labeled DNA was pulled down with the use of streptavidin-agarose beads (Novagen). We added 250 ml of beads to each sample and incubated them at 4 C for 20 hr. Then, the beads were washed twice with lysis buffer and NaCl 1M and eluted in 100 ml of 253 NuPAGE LDS Sample Buffer (Invitrogen) containing 10% b-mercaptoethanol (25 min at 95 C). Protease inhibitor cocktail tablets (Roche) and phenylmethanesulfonylfluoride (Sigma-Aldrich) were added to all buffers.
Immunoblotting
Samples were resolved by SDS-PAGE and analyzed by standard WB techniques. Antibodies against PCNA (Santa-Cruz Biotechnology), b-actin, and POLD2 (Sigma-Aldrich), MSH2 (Calbiochem), UHRF1, RF3, and RFC4 (GeneTex), ZNF24 and GTF2I (Novus Biologicals), SUMO1 and Histone H4 (Abcam), and SUMO2/3 (MBL International) were used. Protein blot analyses were performed on the LI-COR platform (LI-COR Biosciences).
Protein Digestion
Eluates were digested with the use of the filter aided sample preparation (FASP) method (Wi sniewski et al., 2009 ) with some modifications. In brief, each sample was dissolved in 8 M urea in 0.1 M Tris/HCl (pH 8.5) (UA) and loaded onto centrifugal devices Nanosep 30K Omega (Pall). The elution buffer was completely replaced by washing three to four times with UA. Proteins were then alkylated using 50 mM iodoacetamide for 20 min in the dark and the excess of alkylation reagents was washed out with UA. Proteins were digested overnight with the use of endoproteinase Lys-C (Wako Pure Chemicals Industries) and diluted in 50 mM ammonium bicarbonate. Finally, trypsin (Promega) was added, and samples were subjected to a second digestion for 6 hr. Resulting peptides were cleaned up by homemade columns on the basis of Stage Tips with C18 Empore Disks (3 M) (Rappsilber et al., 2003) filled with R3 resin (Applied Biosystems). Eluates were evaporated to dryness and dissolved in 0.1% formic acid (FA).
NanoLC Tandem Mass Spectrometry
Peptides were separated by the online reversed-phase NanoLC Ultra 1D Plus system (Eksigent Technologies) and analyzed with the use of a LTQ Orbitrap Velos mass spectrometrer (Thermo Scientific) equipped with a nanoelectrospray ion source (Proxeon Biosystems). Solvent A was 0.1% FA, and solvent B was acetonitrile in 0.1% FA. Samples (10 ml injections) were loaded onto a reversed-phase ReproSil Pur C18-Aq 5 mm 0.3 3 10 mm trapping column (SGE Analytical Science) and washed for 15 min at 2.5 mL/min with solvent A. The peptides were eluted onto an analytical column consisting of ReproSil Pur C18-AQ 3 mm 200 3 0.075 mm (Dr. Maisch). The following gradient was used: 0-2 min 2% B, 2-80 min 2%-24% B, 80-122 min 24%-40% B, 122-123 min 40%-98% B, 123-130 min 98% B, and 131-145 min 2% B. The flow rate was 300 nL/min. The column was operated at a constant temperature of 30 C.
The LTQ Orbitrap Velos was operated in positive ionization mode. The spray voltage was set to 1.5 kV, and the temperature of the heated capillary was set to 275 C. The MS survey scan was performed in the FT analyzer scanning a window between 250 and 1750 m/z. The resolution was set to 60,000 FWHM at m/z 400. The m/z values triggering tandem mass spectrometry (MS/MS) with a repeat count of one were put on an exclusion list for 40 s. The minimum MS signal for triggering MS/MS was set to 1,000 counts. In all cases, one microscan was recorded. The lock mass option was enabled for both MS and MS/MS mode and the polydimethylcyclosiloxane ions (PDMS, protonated (Si(CH 3 ) 2 O) 6 ; m/z 445.120025) were used for internal recalibration of the mass spectra (Olsen et al., 2005) . For the collisionally induced dissociation (CID/CAD), up to 20 of the most abundant isotope patterns with a charge R2 from the survey scan were selected with an isolation window of 2 m/z and fragmented in the linear ion trap. Normalized collision energy was set to 35%, the q value was set to 0.25, and the activation time was set to 10 ms. The maximum ion injection times for the survey scan and the MS/MS scans were 500 and 150 ms, respectively, and the ion target values were set to 1 3 10 6 and 5,000, respectively, for each scan mode.
Data Analysis
Raw data were processed by MaxQuant (Cox and Mann, 2008 ) version 1.3.0.3. Maximum false discovery rates were set to 0.01 for both the protein and peptide. Peak lists were searched against UniProt human database, and Andromeda (Cox et al., 2011 ) was used as a search engine. N-terminal acetylation and methionine oxidation were set as variable modifications, and the carbamidomethylation of cysteine residues was set as fixed modification. Analysis was limited to peptides of seven or more amino acids and maximum two missed cleavages. In the case that identified peptides were shared by two or more proteins (homologs or isoforms), they were reported by MaxQuant as one protein group. The analysis of functional groups and potential interactions for the list of enriched proteins was done with the IPA (Ingenuity Systems) and STRING (von Mering et al., 2003) (http://string-db.org) softwares, respectively.
High-Throughput Microscopy of EdU Incorporation U2OS cells were transfected with two independent small interfering RNAs (siRNAs) per gene (Silencer Select, Life Technologies; sequences are available upon request) at 50 nM using Lipofectamine RNAiMAX (Life Technologies). On the following day, cells were plated on mCLEAR bottom 96-well plates (Greiner Bio-One), and EdU incorporation analyses were performed 36 hr after transfection. In brief, 10 mM EdU was added to the culture media for 1 hr. Cells were washed with PBS, fixed with 2% paraformaldehyde for 10 min, and permeabilized with 0.5% Triton for 15 min and then EdU was detected performing Click-iT with Alexa Flour 488 Azide (Life Technologies). Images were automatically acquired from each well by an Opera High-Content Screening System (PerkinElmer) with a 203 magnification lens and nonsaturating exposure times. Images were segmented with a DAPI signal to generate masks matching cell nuclei from which the mean EdU signal was calculated. Data were represented with the use of the Prism software (GraphPad Software).
DNA Combing U2OS cells were transfected with the indicated siRNA sequences. Cells were pulse-labeled consecutively with 50 mM CldU (20 min) and 250 mM IdU (20 min) 36 hr after transfection. DNA fibers were prepared and stained as described previously (Terret et al., 2009 ). Fork progression rate was measured from >200 tracks per sample, and statistical analysis was conducted with the use of a Mann-Whitney rank sum test.
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